Susceptibility of oak seedlings (Quercus palustris, Quercus robur, Quercus rubra) and chestnut seedlings (Castanea sativa) to Phytophthora cinnamomi was tested. The dynamics of infection was examined in plant material raised in a rhizotron. In the oak species, primary root tissues were susceptible whereas secondary cortical tissues showed some resistance to P. cinnamomi. Secondary cortical tissues of the tap root in C. sativa were susceptible. Inoculations with P. cinnamomi were performed both in situ and on excised roots of mature Q. rubra. In both cases, the resistance of Q. rubra roots and shoots was negatively correlated with diameter at the inoculation point. Small roots (1 -5 cm diameter) were resistant whereas collar and trunk were susceptible. In contrast to oak, small excised roots of mature C. sativa (0.7 -2 cm diameter) were susceptible to P. cinnamomi. This may explain why P. cinnamomi does not induce a decline of the attacked red oaks, but rather a trunk canker.
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Introduction
The role of Phytophthora cinnamomi Rands as the causative fungal agent of ink disease in Quercus rubra L. (red oak) was first demonstrated in the early fifties by ROL (1951) and MOREAU and MOREAU (1951) . The main symptom of ink disease is a cortical canker on the lower part of the trunk, which first appears at the collar and then spreads vertically to a height of 1 to 2 m from soil level. P. cinnamomi infection results in necrosis of the cambial and phloem tissues. The response of oak to infection is a relatively efficient limitation in the tangential spread of the pathogen and a healing of the wound tissue, causing the inclusion of the lesion within the wood. The structural damage caused leads to a significant loss in timber value.
Symptoms induced by P. cinnamomi on red oak are different to those usually associated with this pathogen (ZENTMYER 1980) . On most hosts, P. cinnamomi causes a die-back as a consequence of root damage. In red oak, die-back does not occur and the crown of cankered trees appears normal. Furthermore, ROBIN et al. (1992) have shown that Q. rubra infected by this pathogen over a period of 10 to 25 years, has a radial increment of the same order of magnitude as uninfected trees growing at the same site. Ink disease affects mainly trees of more than 10 to 20 years old. P. cinnamomi induced root infections in young Q. rubra have been reported in nurseries in the United-States (CRANDALL et al. 1945) . The fungus may be present on the root system of young oak saplings in Southwest France, though it has not been reported to be a cause of mortality in young stands of planted Q. rubra. P. cinnamomi can induce very similar disease symptoms on oak species other than red oak. However, in Q. robur L. (pedunculate oak) trunk cankers are less frequent than in Q. rubra, and seldom occur in Q. palustris Muench. (pin oak) which has been recorded as field resistant by EDMINSTON (1975) .
The aim of the present study was to gain a better knowledge on Q. rubra root susceptibility to P. cinnamomi which is poorly understood. An attempt was made to explain why infected trees do not die-back such as in the case of most other P. cinnamomi hosts. We compared the susceptibility of Q. rubra to the more field resistant species Q. robur and Q. palustris. In addition Castanea sativa (chestnut), a species on which P. cinnamomi induces die-back, was examined.
Materials and Methods

Phytophthora cinnamomi isolate
P. cinnamomi isolate 9 was used for all experiments. It was obtained from trunk cankers of Q. rubra trees in the Basque area (Ainhoa). This isolate has been defined as very aggressive by ROBIN (1991) .
Rhizotron experiments
Seedlings were raised from seeds of Q. robur (from Orleix, Hautes Pyrénées), Q. palustris (from St. Lezer, Hautes Pyrénées) and C. sativa (from Dol de Bretagne). Following storage at 5°C for three months, acorns were shelled and soaked in tap water for 24 h. Seed material was then sown in rhizotrons consisting of plastic containers of 45 cm depth, 30 cm length and 3 cm width. One side of the container was made of glass sealed with a rubber band and covered with a black plastic sheet. The rhizotrons were stacked with their long axis at an angle of 60° to the vertical, the glass side being on the lower face. At this orientation the seedling roots developed at the interface of the potting medium and the glass. The root system could then be observed non-destructively by removing the black plastic and glass. Seedlings were raised in a glasshouse at a temperature of Experiment 1. We used a silty soil obtained from a P. cinnamomi infected oak stand (Ainhoa, Pyrénées Atlantiques) as potting medium. Soil was sampled from the top 40 cm, air-dried for two months and crushed until the particules were 3-5 mm in diameter. Fifteen blocks 4 mm in diameter were taken from a P. cinnamomi mat growing on V8 agar (200 ml V8, 2 g CaCO 3 and 20 g agar in 800 ml distilled water) and added to a 500 ml erlenmeyer flask containing 250 ml of liquid V8 medium. The culture was incubated at 25°C on a rotatory shaker (100 rpm) for 48 h. The erlenmeyer flask content was blended with a polytron (15 s at maximum speed), and 20 ml of the inoculum stock solution then diluted with 2 l of tap water and added to 4 l of dry soil. Soil for the control just received tap water.
Fifteen Q. rubra seedlings (from Doat, Gers) were grown in the rhizotrons, 12 in 4 rhizotrons filled with P. cinnamomi contaminated soil and 3 in a rhizotron filled with control soil. Root growth and lesion development on inoculated roots were recorded on a transparent plastic sheet every 2 to 4 d during the first month, and then once a week thereafter. As the lesions were restricted to the young white region of the root, they could be observed clearly. When the lesions extended to the older dark region, development was estimated indirectly by recording the appearance of lesions on lateral roots (GRANT and BYRT 1984) . On two-to three-month-old seedlings, the lesions could be detected as black necrotic areas against the light brown surface of the taproot. Three months after sowing, seedlings were removed from the rhizotrons, roots washed in running tap water, and all secondary roots removed. The extent of necrotic lesions on the taproot was recorded on the plastic sheets. The taproot was surface-sterilized for 10 min with 4% w/v calcium hypochlorite, then cut into 1 cm pieces which were plated on PARB medium (20 g agar; 15 g malt extract; 400 µl pimaricin; 250 mg ampicillin; 10 mg rifampicin; 30 mg of 50 % benomyl, 1 l distilled water). Sections that showed an outgrowth of coralloid hyphae after 3-7 days were recorded. This enabled us to determine the distribution and size of the P. cinnamomi-induced lesions on the taproot. Experiment 2. Twenty-four acorns of Q. rubra from Doat were sown in rhizotrons containing pure vermiculite (3 acorns per rhizotrons). A 5 mm diameter agar block, cut from the edge of a P. cinnamomi culture grown on a V8 agar plate, was placed on the tip of the taproot 18 days after sowing. Six control seedlings received a sterile block of V8 agar only. Development of necrotic lesions was recorded as described above. Twenty-five days after inoculation, seedlings were removed from the rhizotron and the taproot plated on PARB medium as described above. Experiment 3. Experiment 2 was repeated, using 21 seedlings of Q. rubra (from Vic en Bigorre, Hautes Pyrénées) and 18 seedlings each of Q. palustris and Q. robur. Three control seedlings per species were inoculated with a sterile block of V8 agar. Plating of the taproot on PARB medium was performed 4 months after inoculation. Experiment 4. Twelve C. sativa, 10 Q. robur and 24 Q. rubra (from Vic en Bigorre) were grown from seed in rhizotrons containing pure vermiculite. They were inoculated five months after sowing. A 5 mm diameter agar block was cut from the edge of an active P. cinnamomi culture grown on a V8 agar plate and placed on a 3-5 mm wound performed with a scalpel on the taproot, 3 to 5 cm below the collar. the inoculation point was not sealed. Nineteen days after inoculation the outer bark was removed and the length of discoloured bark determined.
Inoculation of adult oaks
Six mature Q. rubra growing at St. Pée-sur-Nivelle (Pyrénées Atlantiques) were used in this study. Trunk diameters at breast height ranged from 30 to 60 cm. As spacing between trees was very large, the main branches started low, at 2-3 m from soil level. During spring (31 May 1990), trees were inoculated with P. cinnamomi, at several levels, in order to compare root and shoot susceptibility and to study the influence of organ diameter. At both root and shoot level, five diameter classes were defined, i.e., A, 1 cm; B, 2 cm; C, 3-5 cm; D, 7-15 cm; and E, trunk or collar. For each tree, four replicates were performed for each organ (root or shoot) x diameter class combination, representing a total of 40 inoculation points per tree. Bark was wounded to the cambium with a cork-borer, and a 7 mm diameter agar block, cut from the edge of an active P. cinnamomi culture grown on a V8 agar plate, was placed with the mycelium in contact with the wood. On small organs, i.e., of less than 5 cm diameter, the inoculation point was protected from desiccation with wet sterile cotton wool wrapped with parafilm. On larger roots and shoots, the wet sterile cotton wool was covered with aluminium sheet and plastic film fastened with glue. Sterile V8 agar blocks were used for control inoculations.
One and four months after inoculation, lesion length was determined non-destructively using a Plant Impedence Ratio Meter (PIRM, Biosensor, Melbourne, Australia), using a method adapted from TIPPETT and BARCLAY (1987) . For shoots of class A and B, the necrotic lesion was measured externally at the first examination. Shoots and roots of class A were sampled at the second examination and the length of discoloured tissues was subsequently measured in the laboratory after removing the bark. Finally at 15 months following inoculation, bark was removed with a chisel from around the inoculation points of shoots and roots from all diameter classes and the length of the discoloured tissues measured. The percentage of lesions which continued to increase in size between the fourth and the 15th month was subsequently calculated for each root and shoot diameter class. Hereafter, these lesions will be refered to as 'unconfined' lesions.
Inoculation of excised oak and chestnut roots
In July 1990, 23 roots of 0.5 to 7 cm in diameter, from 5 Q. rubra, were dug out and sampled at Pierroton (Gironde). They were cut in segments of about 20 cm long and washed under tap water. Inoculations with P. cinnamomi were carried out as described previously on trees. Roots were then wrapped in aluminium sheet and incubated at 25°C in a closed box containing wet vermiculite. Fourteen days after inoculation the bark was removed and the length of discoloured tissues measured. Pieces of discolored bark were plated on PARB medium. This experiment was repeated in August 1990 with 20 roots segments from 7 Q. rubra and 14 roots segments from 5 C. sativa sampled at St. Pée-sur-Nivelle, and again in August 1992 with 21 root segments sampled at Pierroton on 4 C. sativa.
Statistical analysis
The results of inoculation on mature oak and of rhizotron experiment 3 were analysed by a completely randomized variance analysis. When two treatments were studied, the Student t-test was used. Likelihood-ratio chi-square (G ²) was used to compare the percentage of unconfined lesions after four months for the various organ diameter classes (roots and shoots) on mature oak trees. Pearson coefficient of correlation were used. A SAS/STAT statistical package was used for the calculations (SAS INSTITUTE INC. 1988).
Results
Dynamics of root infection in Q. rubra seedlings
During rhizotron experiment 1 necrosis first appeared on the taproot tip. No infection was noticed on roots in the control rhizotron. Root infection dynamics were similar in the first three rhizotron experiments (Table 1) . At the beginning of infection (stage 1), lesion development was rapid (9 -12 mm.d -1 ; Table 1 ). Two days after inoculation taproot growth ceased though the lateral roots developed as in the controls. ) :
During phase 1 b : (0-7 days after inoculation)
12.2 ± 3.0 9.9 ± 1.4 9.2 ± 1.5 a 9.2 ± 2.6 a 3.8 ± 1.0 b
During phase 2 b : (7-21 days after inoculation) A second stage of infection began 7 -12 days after inoculation. Lesion development was much slower (1 -1.5 mm.d -1 ; Table 1 ) and then ceased. Cessation of lesion development occurred when the necrotic margin arrived in the region of the root where development of the secondary tissues caused darkening of the root surface. In many lateral roots, necrosis began at the tip. In the majority of seedlings, lateral root growth almost ceased during the second stage of infection. At the end of experiment 2, seedlings were removed from the rhizotron in an attempt to reisolate P. cinnamomi during this stage, 26 d after inoculation. There were no significant differences between the length of necrotic lesion recorded on the plastic sheet and the length of tissues yielding P. cinnamomi on the lower part of the taproot (t = 1.85, df = 13). However, the pathogen could also be recovered from regions of the taproot where no lesions had been recorded on 67 % of the seedlings. These regions were often near the collar, at the base of the lateral roots and there was no connection between them and lesions of the lower part of the root.
A third stage of infection began approximately 30 d after inoculation. New lateral root growth could be observed again. Though necrosis of lateral root tips could still be observed, 75 -85 % of the seedlings re-established a new taproot (Table 1, Fig. 1 ). Infection of all the new lateral roots prevented recovery of the 15 -25 % remaining seedlings and of those, 10 -17 % died (Table 1) . When the seedlings were taken out of the rhizotron at the end of the experiment, most of the lesions on the taproot were healing (presence of wound-callus curls). Some lesions were recorded on the upper part of the taproot, mostly at the base of lateral roots on 30 -50 % of Q. rubra seedlings (Fig. 1) . These lesions were also healing.
Behaviour of chestnut and other oak species in the rhizotron
During experiment 3, there appeared to be little difference in the behaviour of the three oak species to P. cinnamomi infection. Q. robur was significantly less susceptible than Q. palustris and Q. rubra during the first stage of infection in the 7 days following inoculation (Table 1) . After 7 days, there was no more differences between Q. palustris and Q. robur and only Q. rubra was significantly more susceptible.
During experiment 4, there were significant differences in susceptibility to P. cinnamomi among the three species. Q. robur and Q rubra showed a low susceptibility whereas C. sativa was significantly less resistant. Nineteen days after inoculation, pathogen growth rates on taproots of C. sativa, Q. robur and Q. rubra were 4.1 ± 0.8 mm.d -1 , 0.7 ± 0.4 mm.d -1 and 0.5 ± 0.1 mm.d -1 respectively. Moreover, C. sativa roots were often girdled, resulting in up to 50 % seedling mortality. This mortality did not occur in oak. During this experiment root tip necrosis was not observed in either of the two oak species. 
A comparison of root and shoot susceptibility in mature Q. rubra
The root and shoot diameter correlated significantly with the width of the infected cortical tissues (r = 0.912, ddl = 227). The lesions due to P. cinnamomi on the small roots of mature trees appeared very similar to those observed on the 4-month-old seedlings in the rhizotrons: the fungus induced narrow lesions which extended along the length of the organs, but did not girdle the roots. Table 2 shows the results of a variance analysis of lesion length on the mature Q. rubra four months after inoculation. Tree root or shoot diameter at the inoculation point, type of organ (shoot or root) and diameter class x tree interactions all caused significant variations in lesion size. Susceptibility to P. cinnamomi increased with the diameter of the inoculated organ (Fig. 2) . After more than one month following inoculation, lesion developpment was high only at the trunk and collar level (diameter class E, Fig. 2 b) . Roots were less susceptible to P. cinnamomi than shoots (Fig. 2 a) though this was true only during the first month following inoculation: thereafter no further differences were apparent (Fig. 2 b) . All lesions were confined after four months on roots of diameter classes B and C, and on shoots of diameter classes B, C and D. In contrast, after four months, the percentage of unconfined lesions on the trunk, collar and roots of diameter class D were 50.0, 41.2 and 17.4 % respectively, and were not significantly different from each other (G² = 3.08,. ddl = 2). The increase in lesion length in the unconfined collar lesions was 13 ± 7.2 cm at four months and 24.5 ± 10.6 cm at 15 months. No roots or shoots of any diameter was girdled by P. cinnamomi 15 months after inoculation.
Inoculation of excised oak and chestnut roots
During both experiments in 1990, the lesion length induced by P. cinnamomi on excised roots of Q. rubra was significantly correlated with root diameter at the inoculation point (r = 0.763 and r = 0.668). A similar result was obtained for excised roots of C. sativa in the 1992 experiment (r = 0.787), but not in the 1990 experiment (r = 0.03). During both experiments, P. cinnamomi growth rate was low on small excised Q. rubra roots of about 1 cm diameter, compared to small excised C. sativa roots ( Fig. 3 a and b) . 
Discussion
The rhizotron experiments suggested that P. cinnamomi enters Q. rubra seedlings via root tips which is in agreement with current literature (ASSAS M'BILLAUT 1978; HO and ZENTMYER 1977; TIPPETT et al. 1976) . Root infection then proceeds in three stages on Q. rubra seedlings: (i) P. cinnamomi grows along the taproot in the absence of any apparent seedling reaction, (ii) growth of oak roots, and subsequently the rate of pathogen advance, slows down and gradually ceases, followed by (iii) a resumption of seedling root growth. In a few cases, P. cinnamomi advance is not halted and the oaks die (10 % of the seedlings). This behaviour of Q. rubra is similar to that of the field resistant Eucalyptus calophylla Lindley and 'Duke 7' Avocado rootstock after inoculation with P. cinnamomi in a rhizotron (GRANT and BYRT 1984; PHILLIPS et al. 1987) . This may explain why this pathogen does not induce die-back in oak.
Pathogen advance along the taproot ceases at the point where the secondary tissues develop. The secondary tissues appear to have low susceptibility to P. cinnamomi since pathogen growth rate during the 19 days following inoculation was only 0.5 ± 0.1 mm.d -1 (experiment 4) compared to 3.9 -4.6 mm.d -1 for primary tissues (Table 1 ). The explanation for the greater resistance at the level of the secondary tissues in Q. rubra roots is not known. Necrophylactic periderm which is specific to secondary tissues has been shown to be an important resistance mechanism of trees to cortical pathogens (BIGGS 1984; MULLICK 1977) . In 'Duke 7' Avocado rootstock, susceptibility to P. cinnamomi is less in secondary than in primary tissues and resistance is linked to the development of necrophylactic periderm (PHILLIPS et al. 1987) . In contrast to avocado, secondary roots tissues of E. marginata (Donn. ex Smith) are more susceptible than primary roots tissues (TIPPETT and HILL 1984) . The infection of lateral root tips by P. cinnamomi during experiments 1 -3 indicates that secondary inoculum production occurs, though this was not demonstrated by reisolation of the fungus in the potting medium. The absence of root tip infection during experiment 4 suggests that secondary inoculum production occurs only at the primary tissue level. The lesions found on the upper part of the taproot (Fig. 1) are probably due to secondary infections of the seedlings as they are located at the bases of lateral roots and are not continuous with the lesion of the lower part of the taproot. Death of oak seedlings during stages 2 and 3 is likely to be a consequence of these secondary infections. The potting medium used (pure vermiculite) together with the orientation of the rhizotrons (60° to the vertical) did not allow good drainage and may therefore have favoured a significant infection of the oak root system by the secondary inoculum produced and breakdown of the seedlings resistance.
During the field experiment, after a short initial period, one month after inoculation, the Q. rubra root system and shoot systems show a similar susceptibility to P. cinnamomi (Fig. 2b) . A comparison of in situ and excised roots of Q. rubra (Figs. 2 and 3) shows that the susceptibility of cortical tissues to P. cinnamomi is closely related to host organ diameter at the inoculation point. The mature trees examined are susceptible to this pathogen mainly at the trunk and collar level (Fig. 2b) , i.e. the organ on which symptoms can be observed in natural conditions. In contrast small roots are resistant to P. cinnamomi (Figs. 2 and 3) , though inoculations were performed at the end of May, a time when susceptibility of oak cortical tissues is maximal (ROBIN 1994). The fungus was not able to girdle the oak roots or shoots, whatever their diameter. This may explain why P. cinnamomi does not cause mortality of Q. rubra trees. In contrast, the fungus was able, within two summers, to girdle the roots of E. marginata and induce die-back (TIPPETT et al. 1983 ).
The explanation for the lower susceptibility of small roots and shoots to P. cinnamomi is unknown. Organs of various diameters are different in many features, e.g., width and age of the cortical tissues, structure of the inner bark (TROCKENBRODT 1991), radial growth, and physiology. According to TIPPETT et al. (1983) , organs of E. marginata with a low radial increment have a different cortical tissue structure than those which grow rapidly, possessing a denser phloem and greater resistance to P. cinnamomi. MERRILL and FINLEY (1981) have shown that the susceptibility of Juglans nigra and Sassafrass albidum cortical tissues to Nectria galligena Bres. are dependent on the age of the stem. They attributed this association to the developmental physiology of the stem.
Susceptibility of root secondary tissues was higher for C. sativa than for Q. rubra in all experiments. A relationship between diameter at the inoculation point and size of the lesion induced by P. cinnamomi on excised C. sativa roots is apparent in one out of two experiments, though small C. sativa roots (0.7-2 cm diameter) still show some susceptibility to the pathogen, in contrast to the resistance of small oak roots (Fig. 3 ). There is unrestricted growth of P. cinnamomi in secondary root tissues of C. sativa seedlings in rhizotron experiment 4. The fungus continue to girdle the taproot as shown by the high mortality 19 days after inoculation. These results are in agreement with those of GRENTE (1961) and CRANDALL et al. (1945) which reported percentage mortality of 38 % and 0% after inoculation of P. cinnamomi on young C. sativa and Q. rubra respectively. Unlike C. sativa, the three oak species show some resistance at the level of secondary root tissues. When all studied parameter are considered, the level of resistance to P. cinnamomi in Q. robur and Q. palustris is greater than in Q. rubra seedlings ( Table 1) . The results that have been obtained from the rhizotron experiments are in agreement with the recorded field behaviour of the species examined which may be ranked in order of increasing susceptibility to P. cinnamomi as follows: Q. palustris = Q. robur < Q. rubra < C. sativa.
From all our observations, a likely scenario of infection of Q. rubra by P. cinnamomi could be described as follows. The key problem for the pathogen would be to reach the collar area of its host. As susceptibility of small roots is low, the place where P. cinnamomi enter the oak trees is likely to be very close to the collar. It might also be possible that progression of P. cinnamomi from the root tips to the collar occurs mainly during limited periods, e.g., during periods of high inoculum production (waterlogging) or of lowered host resistance (root anoxia, water shortage). In particular, water stress has been shown to increase the susceptibility of young oak saplings and mature oak trees to P. cinnamomi (MARÇAIS et al 1993) . In view of the results obtained during this work, it can be concluded that, to test the susceptibility of oak trees to P. cinnamomi, the inoculation of the trunk or collar bark would be the best method, as they are the most susceptible part of the tree and are easy to reach.
